in the context of a primate travelling in the trees, we might visualize similar arboreal bicoded map fragments that occur along numerous branches in many directions and extending into various distances from the central tree trunk. These bicoded map fragments meet and join fragments from neighboring trees, forming a web of metrically mapped spaces that, with increasing density of branches and variation in the branch angles, will approach metrically mapping both horizontal and vertical space (in the canonical orientation sense), assuming that the bicoded fragments are accurately joined in a mosaic.
Landscapes within which animals move consist of both vertical and horizontal components that animals act upon. Landscape components such as topography have an impact on the manner in which animals move through their environments (e.g., Mandel et al. 2008) . Animals moving primarily through a single layer of their environment (e.g., large grazing animals) are impacted by elevation, the one vertical component of the landscape upon which they move (Bennett & Tang 2006) . Because moving uphill requires greater energy expenditure than moving on level ground (Taylor & Caldwell 1972) , terrestrial animals may make changes in the horizontal nature of their movements in order to avoid a given area due to its vertical character (i.e., detouring around steep slopes). In contrast, animals that move in multilayer environments contend with elevation as well as other additional vertical components to their movement decisions (i.e., substrate height). For example, nonhuman primates and other vertebrates locomote in multilayer environments with a combination of arboreal and terrestrial substrates. The varying slopes of the multitude of potential substrates (i.e., branches, tree trunks, and terrestrial surfaces) and the locations to which these substrates convey present these animals with numerous options for movement. These options also allow the animal to exert greater control over the vertical component of its movement decisions. For example, continuous canopy forest would allow arboreal primates and other quadrupedal animals that move through arboreal habitats to travel at a constant height, minimizing vertical displacement, while the elevation of the forest floor rises and falls. We maintain that the use of non-compartmentalized multilayer environments requires a representation of space that is sufficiently accurate to allow for movement decisions in the vertical and horizontal dimensions as well as precise aerial swinging/leaping to distal substrates. Logistically, this spatial model may be hypothesized to include, at a minimum, precise heuristics regarding where, when, and how to swing or leap, or perhaps even a metric component of the vertical dimension.
In studies of the movement of nonhuman primates in multilayer environments, movement observations are frequently simplified for their analysis. Actual three-dimensional animal movements are reduced to two-dimensional displacements across a planar surface (Janson 1998; 2007; Normand & Boesch 2009; Noser & Byrne 2007b; Sueur 2011; Valero & Byrne 2007) . Some prior studies have incorporated the vertical dimension of movement in discussions of nonhuman primate movement patterns by linking elevation to visibility of resource sites (e.g., Di Fiore & Suarez 2007; Noser & Byrne 2007a) . Draping the movements of nonhuman primates onto a digital elevation model of their habitat allows us to consider the energetic and viewpoint effects resulting from the vertical component of movement on a terrestrial substrate (e.g., Howard et al. 2012) . However, the greater vertical complexity of moving through multilayer environments (e.g., arboreal and terrestrial) and its effects on adaptive movement choice are not considered using this technique.
One technique that may accurately represent the arboreal substrates upon which nonhuman primates move is Light Detection and Ranging (LiDAR) technology. Terrestrial LiDAR is threedimensional laser scanning that generates a hemispherical point cloud representing the returns of laser pulses from a groundbased vantage point (Beraldin et al. 2010 ). This high-density point cloud can be used in forest inventories and in measuring the detailed geometric characteristics of trees (Maas 2010).
Point clouds can be used to generate three-dimensional models of the canopy through which animals move. The use of this technique would allow researchers to catalog all possible substrates on a tree or group of trees, estimate the energetic costs of movement on those substrates, and even model animals' movement through a multilayer canopy based on heuristics or metric knowledge of vertical and horizontal spatial components of their environment. In this way, the framework proposed by Jeffery and colleagues may be tested against movements of animals in natural environments.
The complex interplay between threedimensional egocentric and allocentric spatial representation Abstract: Jeffery et al. characterize the egocentric/allocentric distinction as discrete. But paradoxically, much of the neural and behavioral evidence they adduce undermines a discrete distinction. More strikingly, their positive proposal -the bicoded map hypothesis -reflects a more complex interplay between egocentric and allocentric coding than they acknowledge. Properly interpreted, their proposal about threedimensional spatial representation contributes to recent work on embodied cognition.
The efforts of Jeffery et al. to synthesize and provide an overarching theoretical interpretation for the literature on two-dimensional and three-dimensional spatial representation will undoubtedly prove useful to the field. Their focus on 3D space also highlights the importance of investigating navigation performance in more complex, ecologically valid task environments. Despite these strengths, the authors fall prey to a common confusion involving the central egocentric/allocentric distinction.
At the outset, the authors flag this familiar distinction to emphasize how the "focus of the present article is on the allocentric encoding of the space that is being moved through" (target article, sect. 2, para. 1). Although a discrete distinction is widely assumed in the literature, and the authors imply it is incidental to the main goals of the article and hence can be glossed over, taking it at face value is problematic for two reasons. First, much of the neural and behavioral evidence the authors survey undermines a clean division. Second, and more strikingly, their positive proposal -the bicoded map hypothesis, in which different encoding schemes are employed for horizontal versus vertical space, yet both are referenced to the organism's plane of locomotion -clearly reflects a more complex interplay between egocentric and allocentric spatial representation than the authors explicitly acknowledge.
Egocentric and allocentric representations are primarily distinguished by the different reference frames they employ. Reference frames specify locations in terms of distances along two (or three) perpendicular axes spanning out from an intersection point at the origin. Egocentric representations specify locations relative to a reference frame centered on a body axis, such as the midline, or on a body part of the organism (e.g., "20 cm to the right of my right hand"). Allocentric representations encode locations relative to a reference frame centered on some environmental feature or object (or set of these), and independently of the organism's own orientation or possibly even position (e.g., "33°S 151°E"). Framed in this way, the key difference underlying the egocentric/allocentric distinction concerns the origin or center of the reference frame for the spatial representation, a point which is clearly reflected etymologically in the terms "egocentric" and "allocentric." Nevertheless, characterizing a spatial reference frame involves more than just specifying the origin. Axis orientation and a metric for assessing distances along these axes must also be determined. This gives rise to another facet of the egocentric/allocentric distinction that has been largely ignored in the literature (for an exception, see Grush 2007) .
There are at least two senses in which a spatial representation may be egocentric (or allocentric). As canvassed above, a representation can be egocentric if the origin of the reference frame is anchored to the observer's location. But a spatial representation can also be egocentric if the alignment or orientation of the reference frame axes is itself dependent on properties of the organism (independently of whether the origin is fixed to the organism or not). Consider how bodily features such as the dorsal/ventral axis of the head might serve to determine the up/ down axis for certain egocentric spatial representations used in early vision (Pouget et al. 1993) , or how the body midline might serve to orient the left/right axis for spatial representations employed in reach planning (Pouget & Sejnowski 1997) . These representations are plausible candidates for being egocentric in both senses. Although these two kinds of egocentricity can go hand in hand, this is not necessary. Importantly, allocentric spatial representations are subject to an equivalent analysis, such that a representation may be allocentric with respect to its origin, axes, or both.
A more nuanced egocentric/allocentric distinction facilitates the identification of a richer representational taxonomy including hybrid cases incorporating both egocentric and allocentric elements as building blocks. For example, consider a hybrid representation in which locations are specified relative to an egocentric origin, but where the horizontal and vertical axes are aligned with respect to some environmental feature such as the Earth's magnetic field. The axes defined by the cardinal directions are allocentric, as they bear no direct relationship to any egocentrically defined axes and are invariant across changes in orientation and position of the subject. This is important because the authors' bicoded map hypothesis posits a hybrid spatial representation, incorporating an allocentrically defined origin and egocentrically defined axes. According to the hypothesis, different encoding schemes (metric vs. nonmetric) are used for the representation of horizontal and vertical space in the hippocampus and medial entorhinal cortex (MEC). Importantly, these schemes are not referenced to horizontal and vertical per se (i.e., gravitationally defined earth-horizontal and earth-vertical) as might be expected based on previous navigation studies employing two-dimensional arenas. Instead, studies conducted by the authors using three-dimensional environments (Hayman et al. 2011) and by other groups using microgravity conditions (Knierim et al. 2000) , in which egocentric and allocentric axes can be explicitly dissociated, indicate that the "horizontal" axis is defined by the organism's canonical orientation during normal locomotor behavior and the axis orthogonal to this defines "vertical." If correct, this organism-dependent axial alignment makes the spatial representation under consideration egocentric in the second sense outlined above. Nevertheless, the metrically coded (horizontal) portion of this map, implemented by assemblies of hippocampal place cells and entorhinal grid cells, also possesses characteristic features of an allocentric representation, as its reference frame is anchored to the external environment and does not depend on the organism's own location. The bicoded map is a hybrid spatial representation.
When the bicoded map hypothesis is interpreted as has been suggested here, its link to recent work in the field of embodied cognition becomes evident. Embodied cognition researchers have long sought to reveal how physical embodiment and motor behavioral capacities shape and constrain our ability to represent space. Until now, findings in support of this link were restricted to how organisms represent their local workspace. If Jeffery et al. are right, evidence is emerging for how an organism's motor behavioral repertoire may also influence its representation of large-scale, navigable space. Consider some human capabilities for actions directed at spatial targets at varying distances above the ground plane: at an extreme, snagging a fly ball on the run or pole vaulting; at the mundane level, turning on the wall switch or stepping over an obstacle on the ground. These actions are accurate and precise; yet they generally are not performed under closed-loop control that would free us from metric demands. It seems unlikely that the planar mosaic representation proposed by Jeffery et al. -where the third dimension is not only non-metric, but unstable -could support their execution.
How do we resolve the disparity between what would be possible under a non-metric representation of space and what people can actually do? One avenue toward resolution is to say, "Oh, but Jeffery et al. are not referring to those types of behaviors." But what, then, differentiates the behaviors ostensibly governed by the planar mosaic from human spatially directed actions such as pointing, reaching, over-stepping, and making contact?
For one thing, actions such as catching balls and reaching for targets on a wall result from characteristics of human perception and action that most other terrestrial mammals do not share. Humans are "ecologically three-dimensional" to a high degree. Our raised eyes provide a perspective view of the terrain where we might travel, within a volumetric context so vast it has been called "vista space" (Cutting & Vishton 1995) . Although not without error, our representation of height variation across environmental undulations is simply not possible for animals whose sense organs remain close to the ground during navigation. Humans differ as well from rodents and ants by having arms: limbs that are used not for locomotion (beyond infancy), but rather to reach and manipulate objects above the ground.
Spatially directed actions also potentially differ from terrestrial navigation in that the corresponding motor commands must specify the disposition of the entire organism in volumetric space -not only its location in point coordinates, but limb postures and joint angles. Perhaps this provides an avenue of reconciliation with the planar mosaic representation. Actions directed toward targets with particular metric relationships to the body may be designated as egocentric. Hence, they would lie specifically outside the scope of the current theory, which restricts itself to allocentric (environmentally referred) representations. This exclusion of metrically constrained behaviors from consideration is undermined, however, by the intrinsic ambiguity of frames of reference (Klatzky 1998). Humans flexibly compute transformations between self-referred and environmentally referred frames, even within a single task (Avraamides et al. 2004 ).
